ABSTRACT Hox proteins are homeobox containing transcription factors that play important roles in patterning the presumptive central nervous system and the axial mesoderm in the early vertebrate embryo. Hox genes are first expressed during gastrula stages and recent studies suggest that their function goes beyond their role as patterning determinants. To improve our understanding of the role of Hox proteins during early vertebrate development, we designed a strategy to identify target genes of the zebrafish hoxb1b using overexpression and whole-genome microarray analysis. We directly compared the hoxb1b microarray data with those resulting from heterologous over-expression of the Xenopus XhoxD1 gene in zebrafish embryos. Both genes are the first expressed hox genes in their respective native embryos and display similar spatial expression patterns. The zebrafish transcriptome was analysed prior to the start of the expression of the endogenous hoxb1b gene and we observed extensive overlap between the hoxb1b and XhoxD1 putative downstream genes suggesting evolutionary functional conservation between these hox genes. Furthermore, genes encoding transcription factors and proteins that are known to be involved in cell adhesion and movement were over-represented among the candidate downstream genes, indicating the involvement of the developmentally earliest expressed hox genes in transcriptional networks and cell movement processes.
Introduction
During vertebrate gastrulation, the three definitive germ layers are formed and the anterior-posterior (A/P) axis of the embryo is determined. This complex process is characterised by extensive cell movements and patterning of tissues. Various lines of evidence have shown that hox genes, which encode homeobox transcription factors, play important roles in patterning during gastrulation (Iimura and Pourquie, 2006; Wacker et al., 2004) . It has recently also been suggested that they are involved in regulating cell migration (Iimura and Pourquie, 2006; Iimura and Pourquie, 2007) .
In most vertebrates, hox genes are located in four clusters in the genome (Duboule, 2007; Garcia-Fernandez, 2005) . Because of the whole-genome duplication event in the Actinopterygii (ray-with the Spemann organiser (the 'time-space translator model', (Jansen et al., 2007; Wacker et al., 2004) ). The specific combination of expressed hox genes (the 'hox code', (Kessel and Gruss, 1991) ) of the involuted mesoderm is transferred in a temporally and spatially specific manner to the overlying posterior neuroectoderm by which this tissue becomes patterned in the A/P axis of the embryo. Comparison with other model species suggests that this scenario has a broader significance as demonstrated by the behaviour of hox gene expression in for example mouse (Forlani et al., 2003) and chicken (Iimura and Pourquie, 2006) embryos.
Recently, it was demonstrated that some hox genes might be actively involved in cell migratory events in the gastrula. Cells of the chicken epiblast layer in the anterior primitive streak region containing the artificially expressed Hoxb1 gene, ingressed into the mesodermal layer and migrated anteriorly, while HoxB9 expressing cells did not migrate or displayed only limited movements (Iimura and Pourquie, 2006) . The molecular understanding of these various functions of hox genes during gastrulation is very limited. Since Hox proteins control the transcriptional activity of target genes, the identification of these downstream genes is an important step in elucidating the molecular hox functions. One strategy for identifying hox downstream genes is to analyse the transcriptosomal consequences of hox gene abrogation in a gastrula. This option is partially hampered by functional redundancy among hox genes (Greer et al., 2000; McClintock et al., 2002; Rossel and Capecchi, 1999; Studer et al., 1998) . Notably, hox genes having equivalent positions in different hox clusters and making up what is called a paralogue group (PG), can share particular functions, as becomes apparent when the simultaneous abrogation of two or three PG gene members displays a stronger phenotype than the additive effects of inactivation of individual members (e.g. (van den Akker et al., 2001) (McNulty et al., 2005) ).
In the present study, we applied a gain-of-function approach to identify downstream genes of the developmentally first expressed zebrafish hox gene, hoxb1b (formerly hoxa-1, Alexandre et al., 1996) . To further select for hox-target gene interactions that are active during the earliest developmental stages, we made use of the supposed evolutionary conservation of the function of hox genes during gastrulation. For this we performed a direct comparison between the transcriptosomal changes upon the over-expression of the zebrafish hoxb1b gene and the heterologous overexpression of the first-expressed Xenopus laevis hox gene (XhoxD1) Shown are the number of genes whose transcript levels were up-regulated (A) or down-regulated (B) by zebrafish hoxb1b (black bar) and Xenopus XhoxD1 (white bar) over-expression as determined by microarray analysis. The number of identified genes shared by both hox genes are shown by a blocked bar. Results are shown for common signature sets from all combined duplicate experiments and sorted according to their minimal fold of induction or repression using a P value filter of e -5 . 
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were selected for further study by in-situ hybridization analysis and we confirmed that all of these genes are targets of the zebrafish hoxb1b gene as well as targets of the closely related paralogous hoxb1a gene. Our results are in agreement with the hypothesis that hox genes are involved both in controlling patterning events as well as in regulating cell movements during the earliest stages of vertebrate development. Moreover, the identification of a series of putative hox-downstream genes reported here provides a fertile basis for the further molecular understanding of the mechanisms underlying the early embryonic developmental events.
Results
Experimental rationale of this study
To gain insight into the functions of hox genes during early embryogenesis we set up a strategy to identify downstream genes of the developmentally first expressed hox gene in zebrafish, hoxb1b. For this, we combined hox over-expression in zebrafish embryos with whole-genome microarray analysis and compared the data obtained with those that were found when the first expressed Xenopus hox gene, XhoxD1, was heterologously expressed in zebrafish embryos (Fig. 1) . Synthetic RNA of both hox genes was microinjected into 1-cell stage embryos and the total RNA of the developing embryos was harvested at 40% epiboly. This time point is just before the start of the endogenous transcription of hoxb1b at 50% epiboly (Alexandre et al., 1996; Maves and Kimmel, 2005) . The choice of this analysis time point eliminates the background effect of endogenously expressed hoxb1b while at the same time the embryonic environment is very closely related to that where hoxb1b is naturally first expressed. We anticipated that the direct comparison of the effects of hoxb1b and XhoxD1 over-expression reduces the number of false positive target genes and offers the possibility to detect shared target genes which might expose evolutionarily conserved functions of the first expressed hox genes in developing embryos.
Extensive overlap between hoxb1b and XhoxD1 downstream genes
Analysis of the microarray data (see Materials and Methods section for technical details) showed that there are significantly more zebrafish genes affected by the forced expression of the XhoxD1 gene than by the zebrafish hoxb1b gene (Fig. 2) . Of the 49 genes that are more than two-fold induced by hoxb1b, nearly 90% are also present among the collection of 213 XhoxD1 induced genes. 
GENES UPREGULATED BY OVER-EXPRESSION OF ZEBRAFISH HOXB1B AND XENOPUS XHOXD1 IN ZEBRAFISH EMBRYOS AND ANALYSED AT 40% EPIBOLY
Data presented here are restricted to genes that exhibit enhanced transcript levels upon over-expression of both Hoxb1b and XhoxD1 as determined by microarray analysis. The complete datasets have been deposited in the MIAMExpress database. The given values represent mean values for all analysed data sets generated by the program Rosetta Resolver. Targets with ambiguous or unknown function are left out of the figure to improve legibility. The order of targets in this Table is such that it harmonizes with the data presented in Supplementary Figure S1 .
* Since the injected hoxb1b plasmid contained the sequence of the oligonucleotide representing zebrafish hoxb1b on the microarray only data for XhoxD1 are given.
induced genes among the total number of XhoxD1 up-regulated genes increases from 21% at 2-fold induction to 40% at 4-fold induction, and 50% at 8-fold induction. Similar results were obtained for the hoxb1b and XhoxD1 down-regulated genes. Regarding the genes exhibiting at least two-fold reduced transcript levels about 60% of the 32 hoxb1b down-regulated genes are also identified in the collection of 64 genes down-regulated by XhoxD1. Therefore, it seems that the more strongly the Ouyang and colleagues (Ouyang et al., 2008) . The data presented in Supplementary Figure S1 visualise the endogenous temporal expression profiles of the up-regulated and downregulated genes from the common hoxb1b/XhoxD1 downstream gene target set. As expected, all down-regulated genes exhibit early native developmental expression, whereas several of the positively regulated genes are clearly expressed prematurely by the forced hox gene expression. It might be that some of 
GENES DOWN-REGULATED BY OVER-EXPRESSION OF ZEBRAFISH HOXB1B AND XENOPUS XHOXD1 IN ZEBRAFISH EMBRYOS AND ANALYSED AT 40% EPIBOLY
Data presented here are restricted to genes that exhibit reduced transcript levels upon over-expression of both Hoxb1b and XhoxD1 as determined by microarray analysis. The complete datasets have been deposited in the MIAMExpress database. The given values represent mean values for all analysed data sets generated by the program Rosetta Resolver. Targets with ambiguous or unknown function are left out of the figure to improve legibility. The order of targets in this Table is such that it harmonizes with the data presented in Supplementary Figure S1 .
expression level of a putative target gene is influenced by hox-overexpression, the more likely that it is a common target gene of both hox genes. Taken together, these data demonstrate that hoxb1b and XhoxD1 have many downstream genes in common following their forced expression early during zebrafish development.
Endogenous expression of hoxb1b/XhoxD1 downstream genes
Since we have applied a gain-offunction approach in this study, it is of importance to check whether the identified potential hox-target genes are expressed under physiological (normal) conditions during early development. For this we have made use of the data obtained in the study of Mathavan and colleagues (Mathavan et al., 2005) who determined the temporal transcriptional expression levels during embryonic zebrafish development using the same microarray platform as applied in the present study, allowing direct comparison between data sets. The reliability of the Mathavan et al. dataset was recently confirmed in an independent study published by B A Fig. 3 . Induced expression of transcription factors after the forced expression of hoxb1b and hoxb1a in zebrafish embryos. Synthetic hoxb1b (150 pg) (A) or hoxb1a (50 pg) (B) RNA was microinjected into 1-cell stage embryos. At 50% epiboly, the embryos were analysed for the presence of bhlhb5, dmbx1a, sp8l and sp9 transcripts by in-situ hybridization. Non-injected hybridized control embryos are shown on the right sides.
these latter interactions are functional during other stages of normal development (for example in the developing hindbrain) or during adulthood.
Spatially restricted expression of some hoxb1b/hoxb1a induced transcription factors
To validate the microarray data we tested the transcriptional activation of several identified putative downstream genes of hoxb1b and XhoxD1 by zebrafish whole-mount in-situ hybridization. The four target genes selected, sp8l and'sp9 (two members of the Sp1 family of zinc-finger transcription factors (Kawakami et al., 2004) , dmbx1a (a homeobox-encoding gene, ( (Kawahara et al., 2002) ; also known as mbx) and bhlhb5 (a bHLH-encoding gene, (Adolf et al., 2004) , all encode transcription factors and are all transcribed in presumptive rhombencephalic tissues. These tissues are patterned by transcription factor networks in which hox genes exert a central function. In addition, the structurally closely related sp8l and sp9 genes as well as the other members of the sp1-family appear to be chromosomally linked to the various hox clusters, which might hint at a special relationship between sp and hox genes. Over-expression of hoxb1b early during zebrafish development did indeed induce the expression of all four putative target genes as expected from the microarray analyses (Fig. 3A) . Moreover, these four genes were also induced by the ectopic expression of the zebrafish PG1 member hoxb1a (its endogenous expression starts around 9 hpf, at the transition of gastrulation to the segmentation stage (Maves and Kimmel, 2005) ) as analyzed at the germ-ring stage of zebrafish development (Fig. 3B) . This observation that different but related Hox proteins might have common downstream genes corroborates the proposal that the zebrafish hoxb1b and hoxb1a genes have partially redundant functions (McClintock et al., 2001) . Interestingly, the induced expression domains of bhlhb5, dmbx1a, sp8l and sp9 each display spatially restricted expression in the developing zebrafish embryo following ubiquitous over-expression of'hoxb1b/hoxb1a (Fig. 3) . This indicates that the presence of PG1 hox genes is not the limiting factor in determining the localised expression of these downstream genes in the developing embryo at the stages studied, and it hints at the spatially restricted activities of factors that are positively or negatively involved in the transcriptional regulation of these downstream genes. In the case of hox-target genes whose transcriptional regulation is directly controlled by Hox proteins, spatial restriction of Hox-co-factors, like members of the Meis family, is a plausible explanation for the observed restricted expression domains of the target genes.
Relative abundance of morphogenetic regulators and transcription factors among target genes
Gene annotation of the hoxb1b/XhoxD1 overlap group of positively and negatively regulated downstream genes shows an over-representation of genes encoding transcription factors and of genes that encode factors associated with cell adhesion and cell-movement processes (positively-regulated targets: 15/29 (52%); negatively-regulated targets: 9/10 (90%), Tables 1,2; Fig.4 ). These data support the idea that the first expressed hox genes have a role both in patterning and in regulating cell movements early during development.
Furthermore, we detected a strong up-regulation of hoxb1b upon over-expression of XhoxD1, possibly involving Hox-hox cross-regulation (or auto-regulation) (Hooiveld et al., 1999) . Our data do not allow conclusions about hoxb1b-hoxb1b interactions since the oligonucleotide sequence on the array is present within the injected over-expression construct. Since no other hox genes are significantly induced in our experiments, we assume that the identified target genes are downstream genes of the first developmentally expressed hox genes and not (indirectly) induced via other hox genes.
Discussion
Gastrulation is a complex developmental process that all metazoan embryos have to go through. The identity of the hoxdownstream genes identified in this study supports the idea that hox genes exert a role in patterning as well as in cell behavioural activities during this process. Comparison of zebrafish microarray gene expression profiles between the forced expression of zebrafish hoxb1b and Xenopus XhoxD1, revealed extensive overlap in their downstream genes indicating partial evolutionary conservation of Hox functions. A possible explanation for the incompleteness of this overlap is that particular Hox functions are differently distributed over PG1 hox members in diverse species. In this respect it is of interest that most effects of the simultaneous knock-down of all PG1 Hox members in Xenopus laevis could be overcome by XhoxD1 over-expression in these Xenopus B A morphants indicating a broad functional spectrum for this particular hox gene (McNulty et al., 2005) . According to a similar line of reasoning, the lower number of identified hoxb1b downstream genes in comparison with those of XhoxD1 might imply a more restricted function for hoxb1b. Alternatively, or additionally, evolutionary differences in the roles of the first expressed hox genes may exist between the fish and frog lineages which have an evolutionary divergence time of more than 400 million years (Prince and Pickett, 2002) .
Comparison of the potential hox target genes identified here with their temporal endogenous expression profiles during embryogenesis (Mathavan et al., 2005) displays several apparent discrepancies. This is presumably an intrinsic consequence of the over-expression approach we applied. Firstly, the forced expression is performed before the endogenous expression of hoxb1b. Secondly, the forced expression of the hox genes is ubiquitous in the embryo and not restricted to the ventrolateral gastrula mesoderm in which tissue the first endogenous expression of hox genes takes place. So there seems to be a permissive environment for transcriptional regulation of various genes in which the artificially expressed hox gene is a limiting factor. This explains why several of the interactions identified are not necessarily functional during the earliest stages of normal development but may be during later developmental processes.
Members of the TALE subclass of homeodomain proteins, Meis and Pbx, have been reported to be functional in modulating the transcriptional activity of Hox proteins in vertebrates (Moens and Selleri, 2006; Pearson et al., 2005) , including zebrafish (Choe and Sagerstrom, 2005; Vlachakis et al., 2001) . Since the meis genes are expressed starting at 50% epiboly (Zebrafish Gene Expression Database, ZFIN), we do not expect that Meis proteins play a role in modulating the transcriptional activity of the Hox downstream genes identified here. Members of the pbx class (pbx2, pbx3b, pbx4, pknox1.1 and pknox1.2), however, are ubiquitously expressed from the 1-cell stage onwards during early zebrafish development (Zebrafish Gene Expression Database, ZFIN) and are possibly involved in the transcriptional regulation of downstream targets of hoxb1b reported here. Our observations that some Hox target genes are not uniformly expressed in the embryo following forced expression might be explained by the spatially restricted activity of modulators of hox target gene expression at this stage of development or, alternatively, the result may imply that these downstream genes are not directly transcriptionally activated by Hoxb1b. Over the last few years, it has become evident that microRNAs exert important functions in gene regulation, including that of hox genes (reviewed by (Begemann, 2008) ) Such control mechanisms might well be involved in the explanation of the spatial expression of hox-target genes that we report here. We can envisage a direct role of spatially-restricted microRNA mediated down regulation of the injected hox RNA, or otherwise regulation of the target gene itself (or an indirect effect by affecting a regulatory gene for this target gene).
The relative abundance of transcription factors and components that are involved in cell-cell interactions among the identified Hoxb1b target genes might indicate an involvement of this protein in patterning (specification) as well as cell in behavioural processes. A recent study in the invertebrate Drosophila indicates that the Hox target genes can be separated into directly regulated transcription factors and signalling molecules (regulator genes), and that most indirectly regulated genes (realisator genes) are involved in cell adhesion, polarity and cytoskeleton (Lovegrove et al., 2006) . This fits with the hypothesis that Hox proteins play an active role in the complex cell movements taking place in the (pre-)gastrula of which epiboly and mesodermal ingression are the most prominent.
Recently, Rohrschneider and collegues (Rohrschneider et al., 2007) published a study on Hoxb1a downstream genes applying a loss-of-function approach using Morpholinos and focussing on the consequences for zebrafish rhombomere 4 characteristics at 19-20 hpf. It is striking that no overlap exists between their identified target genes of hoxb1a and our target genes (both studies made use of the same oligo-set for microarray analysis) and the target genes identified in the present study (both studies made use of the same oligo-set for microarray analysis). This might be explained in part by the differences between hoxb1a and hoxb1b, but we suppose that the temporal and tissue specific differences in the analyses are most crucial here, demonstrating the changing nature and the complexity of hox gene functions during development.
Conclusions
Despite the broad and strong interest in the functions of hox genes as transcriptional regulators, the identification of their downstream target genes appears to be quite resistant to being fully elucidated (Svingen and Tonissen, 2006) . The large number of hox genes, their partially simultaneous expression and their partially redundant functions are only a few of the reasons making this a complex issue to investigate. Here, we report the identification of putative hox-downstream genes by the combination of forced expression early during development and microarray analyses. We were in part able to focus the range of identified hox downstream genes to the early developmental stages by the direct comparison of the effects of over-expression analysing two first expressed hox genes from distantly related organisms (zebrafish and Xenopus). This approach was chosen to select for evolutionary conserved mechanisms. Analysis of the categories of putative hox-target genes suggests that the earliest hox functions are related to processes involving patterning and cell movement, fitting well with the (pre-)gastrula stage processes in which hox genes are thought to be involved. The identification of putative downstream genes reported here is an important step in elucidating the molecular mechanisms of hox gene functions in the early stages of vertebrate development. Study of the individual candidate genes in relation to hox functions will further delineate the earliest steps in vertebrate development.
Materials and Methods
Overexpression of hox genes in zebrafish embryos
Fertilized zebrafish eggs were obtained from natural spawnings, raised under standard conditions (Westerfield, 1995) and staged according to Kimmel et al. (Kimmel et al., 1995) . The zebrafish pCS2hoxb1b and pCS2hoxb1a constructs (McClintock et al., 2001 ) (a kind gift of V. Prince, Chicago) were used for over-expression experiments. Previously, we described the Xenopus laevis XHoxD1 over-expression construct (McNulty et al., 2005) . Capped RNA was synthesized in vitro using the mMessage mMachine kit (Ambion) according to the manufacturer's instructions. The RNA was purified via a RNAeasy column (Qiagen) and microinjected into 1-cell stage embryos in a volume of 1 nl containing 50 or 150 pg RNA.
Zebrafish microarray analysis
Zebrafish microarray analysis was performed using 16,416 custom spotted 65-mer oligonucleotides designed by Compugen and synthesised by Sigma-Genosys (Mathavan et al., 2005) . Additionally, a set of 340 custom-made oligonucleotides representing all zebrafish hox genes, various small GTPases, genes of the innate immune system and a set of lectin genes was spotted. A two-colour ratio methodology was applied to compare hox-RNA-injected embryos with non-injected ('control') embryos, essentially as described previously . It is noted that the use of non-injected embryos as controls does not rule out a possible effect induced by the injection of RNA itself. Total RNA from 40% epiboly stage zebrafish embryos was isolated using the TRIzol reagent (Invitrogen) and purified as described previously . For biological duplicate experiments, hox RNA was independently prepared and a different batch of zebrafish eggs was used. The reproducibility was demonstrated with hoxb1b RNA that gave similar results in the microarray analysis. The combined data sets from the three biological and several technical duplicates in these experiments were analyzed for the number of statistically significant up or down regulated genes with a threshold value P of e -5 . The microarray data were analyzed further with the Rosetta Resolver software package (version 6, Rosetta Impharmatics LLC). Selection of signature sequences was based on at least four replicates per experiment. Primary data sets have been deposited in the MIAMExpress database (accession number E-MEXP-1426).
Genomic and expression databases
Gene annotation of the microarray oligonucleotides was performed manually using the Ensemble zebrafish genome assembly version 6 (Zv6) and the Zebrafish Model Organism Database (ZFIN). In case of ambiguity of gene annotation these data were only included in the supplementary datasets. Classification of genes was based on the Unigene database (NCBI). Information about developmental gene expression was in part derived from the ZFIN database.
Whole-mount in situ hybridisation
For whole-mount in situ hybridisation (ISH) embryos were fixed in 4% paraformaldehyde and stored in methanol. ISH was performed essentially as described by Thisse and colleagues (Thisse et al., 2004) . Anti-sense RNA in-situ probes were synthesized using T7 or Sp6 RNA polymerase and labelled with digoxigenin. The following zebrafish Expressed Sequence Tags (ESTs, provided by the IMAGE Consortium) were used for the preparation of in-situ antisense probes: bhlhb5 [GenBank:BI840896], dmbx1a [GenBank:AI793690], sp8l(sp8a) [GenBank:CA470674] and sp9 [GenBank:CA475616] . The identities of the ESTs were checked by sequencing. Linearization was done with SalI (bhlhb5 and dmbx1a), PvuII (sp8l) and KpnI (sp9), and transcription was performed using Sp6 (bhlhb5 and dmbx1a) or T7 (sp8l and sp9). Detection of the anti-digoxigenin antibody-alkaline phosphatase conjugate was done using BM-Purple (Roche). Embryos were mounted in 90% glycerol and photographed using a compound microscope.
